INTRODUCTION
Several million tons of ammonium sulfate ((NH 4 ) 2 SO 4 ) and several thousand tons of ammonium bisulfate (NH 4 HSO 4 ) are produced annually during varied chemical manufacturing processes such as the production of lactam, methionine, and methionine hydroxy analog (HMB), an animal feed additive. A substantial portion of ammonium sulfate (AS) is used as fertilizer; however, due to concerns for sulfate buildup this use is coming under increased scrutiny, especially in developed countries. As a result, a significant portion of the ammonium sulfate production is disposed of as waste. The high acidity of the ammonium bisulfate (ABS) limits its industrial application, and essentially all of this salt is disposed as waste in deep wells at considerable cost to industry. Furthermore, this practice may lead to a potential long-term environmental problem. The problem can be reduced or eliminated by converting the ammonium bisulfate/sulfate into feedstock chemicals such as sulfuric acid and methanethiol. Both of these chemicals are used in methionine and HMB synthesis. A few processes for the conversion of ammonium sulfate and ammonium bisulfate have been reported in the literature.
A thermal process for the degradation of ammonium sulfate to ammonia and sulfur dioxide was first reported in the mid 1940s (Dixon, 1944) . Similar processes have been reported by other researchers (Halstead, 1970; Kiyoura and Urano, 1970) . The chemical transformations that occur Thermal degradation leads to the decomposition of AS to ABS with the release of ammonia at temperatures ranging between 200 -400°C. Subsequent thermal treatment of ABS results in the formation of ammonium pyrosulfate ((NH 4 ) 2 S 2 O 7 ). The decomposition of ammonium pyrosulfate leads to the release of ammonia (NH 3 ), sulfur dioxide (SO 2 ), molecular nitrogen (N 2 ), and water (H 2 O). The conversion efficiencies of 15% and 45% have been reported for NH 3 and SO 2 , respectively (Montgomery, 1962) . Enhanced recovery of NH 3 from (NH 4 ) 2 SO 4 has been obtained in the presence of alkali sulfates (Bonfield and Bohn, 1966; Hüter, 1963) . In such treatments, aqueous AS was first dehydrated at 300°C and then converted to ABS with the release of NH 3 . The ABS was transferred to a second chamber, mixed with alkali sulfates, and heated to 500 o C. The treatment resulted in the formation of alkali pyrosulfate and the release of additional NH 3 . The mixed salt melt was then transferred to a third chamber maintained at 900°C, where the alkali pyrosulfate was decomposed to alkali oxide and SO 2 .
A combustion-based thermal process for generation of NH 3 and SO 2 from dry NH 4 HSO 4 has been described (Hirabayashi et al., 1980) . These researchers introduced finely divided ABS into a combustion chamber and reacted it with combustion gases from an oxygen-deficient flame. The reaction was carried out at temperatures ranging between 700 -900°C. Approximately 82% of the total ABS nitrogen was converted to NH3, while 90% of the total ABS sulfur was converted to SO 2 . A small portion (5%) of the ABS sulfur was converted to SO 3 .
A process for the treatment of AS-containing wastewater was reported in a 1992 patent (Becker, 1992) . In this process, AS-containing wastewater was introduced directly into a natural gas/air flame through a centrally located nozzle. It was reported that essentially all of the AS sulfur was converted to SO 2 , whereas all of the AS nitrogen was converted to N 2 . Combustion of AS solution in an oxygen-deficient flame was also reported. In this case, AS-containing wastewater was introduced into a sub-stochiometric flame. The term "sub-stochiometric" or "oxygen-deficient" flame in present context refers to fuel-rich flames. The temperature of the flame was reported to be around 1000°C. H 2 S was found to be the principle sulfur species. Combustion of ABS in stoichiometric and sub-stoichiometric flames has been modeled (Gill and Associates, 1996) . This model suggested that a waste stream containing high concentrations (50 to 70%) of ABS (w/w basis) can be treated efficiently and economically through combustion. 
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The objective of the present study was to experimentally examine the feasibility of a combustion-based process for the recovery of ABS sulfur as sulfur dioxide or hydrogen sulfide. Three sets of experiments were conducted to achieve this objective. The initial experiments involved the conversion of ABS to SO 2 in flames with stochiometric and excess air. The conversion of ABS to H 2 S in oxygen-deficient flames and the generation of a NO x -free, SO 2 gas stream through a twostage combustion process involved production of H 2 S in an oxygen-deficient flame followed by a low-temperature oxidation of H 2 S to SO 2 .
EXPERIMENTAL
All combustion experiments were carried out in a combustor designed and fabricated in our laboratory.
Combustion setup
The combustor consisted of a commercial burner and a refractory-lined combustion tube.
Burner: A commercially available nozzle-mix burner (Eclipse ThermJet 150) was used in all experiments. The burner can deliver up to 158 kJ of thermal energy per hour with a gaseous hydrocarbon fuel. The burner assembly was mounted on a 6mm-thick stainless steel plate placed at the bottom of the combustion chamber.
Fuel: Liquefied propane gas (LPG) was used as the fuel in all but a limited number of experiments, in which methane was used as the fuel. LPG and methane were obtained from a local commercial supplier. The fuel flow rate was regulated with a calibrated mass-flow controller.
Air: House compressed air was used as the oxidant. Its flow was regulated with an in-line pressure regulator in tandem with a calibrated, standard orifice plate and a water manometer. The pressure difference across the plate was measured and used for determining the air-volume flow rate into the burner.
Combustion chamber:
The combustion chamber consisted of a stainless steel pipe (210 cm x 35 cm i.d. with a 1.5mm wall thickness) lined with 7.5 cm-thick layer of Kaolite refractory. The inner dimensions of the combustion chamber were 210 cm x 20 cm. One side of the chamber wall was lined with a set of 13, 12 mm ports; and another set of 13, 25 mm diameter ports was placed on other side, perpendicular to the 12mm ports. The spacing between ports of both sizes was 15.2cm. The smaller (12mm) ports were used for placement of thermocouples, while the larger (25mm) ports were used for sampling the flue gas. The flue gas samples were drawn through quartz tubes (6mm o.d. X 2 mm i.d.) placed along the central axis of the combustion chamber. The larger ports were also used for viewing the combustor operation. A cross-sectional view of the combustor is shown in Figure 1 .
Combustion of aqueous ABS and AS
The combustion of aqueous ABS was evaluated under varied flame stoichiometry. For a fuel
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Analysis of product gases
Determination of combustion gases: The combustion gases (H 2 , O 2 , N 2 , CO, CH 4 and CO 2 ) were sampled through quartz sampling tubes located at different positions along the length of the chamber. The gas sample was drawn through a six-port sampling valve with a 0.5mL loop. The sampled gas from the valve was introduced into a gas chromatograph (Model 8700, Perkin Elmer Instruments) equipped with a thermal conductivity detector (TCD). The flue gas constituents were separated with a column consisting of a stainless steel tube (2.4m x 2mm i.d.) packed with Carbosieve S (100-120 mesh, Supelco Inc.) and monitored with the TCD. Helium was used as the carrier gas, and its flow rate through the column was maintained at 25mL min . The TCD was operated with the filament current set at 150mA. The detector signal was processed with a PC-based chromatography data system (Turbochrom, Perkin Elmer Instruments). Individual gas components were identified and quantitated with commercial reference gas standard mixtures (Scotty II Mix 218, 234 and 237, Alltech Associates).
Determination of sulfur gases: Sulfur gases formed during the combustion were determined with a GC (Model Autosystem, Perkin Elmer Instruments) equipped with a flame photometric detector (FPD). A rotary valve with a fixed volume (0.5mL) loop was used for introducing the gas sample into the GC. The sulfur gases present in the gas sample were separated with a column consisting of a stainless steel tube (2.4m x 2mm. i.d.) packed with mixed Porapak stationary phase (80% Porapak Q and 20% Porapak N, Alltech Associates). The separated gases were monitored with the FPD. Helium was used as the carrier gas, and its flow through the column was maintained at 30mL min -1 . The GC oven temperature was kept constant at 100°C during the separations. The detector response was calibrated with sulfur gas standards obtained from Matheson Gas Products.
Determination of particulates:
The weight of particulate matter formed during combustion was determined gravimetrically by sampling a known volume of flue gas from a selected port
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through a pre-weighed glass microfiber filter (Whatman GF/A, 3.7cm diameter). The filter was dried to a constant weight in a desiccator. The weight difference of the filter before and after sampling was used for estimating particulate matter in the flue gas.
RESULTS AND DISCUSSION
Combustion of ABS and AS in oxidative flames
The oxidative combustion experiments were carried out with a fixed-fuel flow rate (7.9 L min. The effect of a change in the ABS input on the operation and the efficiency of ABS to SO 2 conversion was monitored. ABS input was varied either by increasing the flow rate of a fixed concentration (50% w/w) solution or by changing the ABS concentration of solutions and introducing these at a fixed flow rate (10mL min -1 ). In the first case, the ABS input was varied from 6.4 -32g min -1 (10 to 50mL min -1 ), while in the second case the ABS amount was varied from 3.2 -9.6g
min.
-1 (solution concentration of 25% to 75%). ).
The optimization of the ABS feed-to-fuel ratio was carried out through experiments in which the ABS input was held constant (6.4g min . These experiments were carried out at a constant flame stoichiometry by adjusting the airflow rate with the fuel flow rate. SO 2 concentrations in the flue gas were measured and plotted as a function of fuel input ( Figure 5 ). At the lowest fuel input, the ABS feed-to-fuel (propane) ratio was 1164g ABS/m 3 propane. This value is more than an order of magnitude higher than the feed-(AS)
to-fuel (methane) ratio reported in the BASF patent (Becker, 1992) .
The AS to SO 2 conversion efficiency was also monitored at different AS and propane inputs.
Due to lower solubility of AS in water, the maximum concentration of AS in solution used in these experiments was 25% (w/w). These experiments were conducted with the AS solution flow rate of 10 mL min -1
. The results obtained at two different propane inputs are summarized in Table II . The measured SO 2 concentration in the two cases was found to be 0.6 and 0.5 percent. These values were nearly the same as the calculated values. This indicates a complete conversion of AS sulfur to SO 2 during the combustion. It should be pointed out that complete conversion was achieved at a salt-to-fuel ratio of nearly 770g AS/m 3 propane. This value also compares favorably to the 150 g AS/m 3 methane ratio reported in the BASF patent (Becker, 1992) .
Combustion of ABS and AS in oxygen-deficient flames
Combustion of ABS and AS in oxygen-deficient flames was evaluated with intent to produce hydrogen sulfide. Hydrocarbon flames sustained under sub-stoichiometric conditions are known to yield flue gas species such as CO, H 2 , methane, and other lower alkanes, as well as elemental
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carbon. These species can facilitate the reduction of SO 2 to H 2 S and COS (Kohl, 1983) . The formation of COS and H 2 S from SO 2 involves reduction of sulfur from a S +4 to a S 0 or a S -2 state.
The extent of reduction is dependent on the availability of reducing species. The SO 2 can also be reduced to S 0 by elemental carbon leading to the formation of CO. A secondary reaction involving CO and elemental sulfur leads to the formation of COS. Yet, another reaction between elemental carbon and sulfur can also yield carbon disulfide (CS 2 ). These reactions are depicted in Equations 5 -9.
Primary reactions:
Secondary reactions:
Analyses of the flue gas obtained during ABS and AS combustion in oxygen-deficient flames showed that the reactions depicted above occur to a degree under different flame conditions (Table   III) . SO 2 was the most abundant species in stoichiometric flames and flames with oxygen deficiency less than 20%. When the oxygen deficiency was 30% or higher, the principal sulfur species were COS and H 2 S. The change in the measured concentrations of sulfur species resulting from a change in the oxygen input is shown graphically in Figure 6 . The H 2 S concentration increased initially with a decrease in oxygen input but remained constant thereafter. The concentration of COS was relatively unaffected by the change in air input under the oxygen-deficient regime used in the present study.
The flue gas samples for these measurements were collected through sampling tubes located 150cm above the flame.
Concentrations of sulfur species obtained at various points along the length of the combustor are shown in Figure 7 . Measurements showed that the SO 2 concentration was highest in the immediate vicinity of the flame and decreased downstream; conversely, the concentrations of H 2 S and COS increased in regions away from the flame. It is likely that the SO 2 reduction is catalyzed by Al 2 O 3 of the refractory lining inside the combustor chamber. The reduction was very effective, and near quantitative conversion was achieved near the exit end of the combustor tube.
The apparent discrepancies between the measured and calculated concentrations of sulfur Eq. 8
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The residual hydrocarbons in gas streams are known to quench S 2 emission in the FPD and decrease its signal for the sulfur species (Kapila et al., 1989) .
Two-stage combustion
Another set of experiments was carried out to explore the feasibility of obtaining NO x -free SO 2 . These experiments involved the use of a two-stage combustion process. The first-stage combustion was carried out in a manner analogous to the oxygen-deficient combustion described in the previous section. The combustor was operated with the propane and airflow rates set at 7.9L min -1 and 122L min Concentrations of product gases were monitored in gas samples collected through the sampling port located 150cm above the flame. The measurement showed that the relative concentrations of H 2 S, COS, and SO 2 were dependent on the secondary airflow. In the absence of the secondary air, H 2 S was the most prevalent sulfur species. Introduction of a secondary airflow at rates greater than 25L min -1 led to the formation of SO 2 , Figure 8 . 
